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Modeling, Simulation and Development of Supervision Control System for Hybrid Wind Diesel 
System  
 




A simulation-based research work on developing supervision control system for hybrid wind 
diesel system (HWDS) is presented. Simulation models of HWDS based stand-alone system and 
micro-grid systems are developed with different types of generators for a fully-rated converter 
based wind energy conversion system (WECS). A multi-variable control system is developed and 
implemented into the simulation models of HWDS. An appropriate control system is developed 
for each generator chosen for the WECS in the HWDS. This control system optimizes the power 
generation and ensures power sharing between the two sources. A control system for load voltage 
regulation and power system frequency regulation is developed and implemented to maintain the 
power quality at optimum level. An improved maximum power point tracking control scheme is 
simulated to achieve maximum power generation from the available wind. Also a governor 
control system is simulated for the diesel generation system. In this work, HWDS based stand-
alone system and micro-grid system is simulated to study the performance of the developed 
control system. The complete HWDS is modeled and simulated in a MATLAB Simulink 
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Modernization of energy systems has been underway worldwide to improve the reliability 
in managing production and consumption of energy. Integration of renewable energy 
systems is also a significant part of this modernization for a sustainable future.  In Canada 
there are 292 off-grid communities including 200 in Nordic climates, these communities 
have significant wind potential [1]. An estimated total population of approximately 
200,000 people in these communities is not connected to the North American electrical 
grid [2]. Most of these communities utilize diesel generators for day-to-day electrical 
power needs. As diesel generators are a highly expensive option and contribute to carbon 
emission [3], an alternative energy solution is required to reduce diesel consumption. 
Integrating and operating renewable energy systems in parallel as hybrid energy system 
can be a more reliable option. Researchers around the world are working to address the 
challenges concerning the operation of hybrid systems. 
TechnoCentre Éolien (TCE) [4] located in Quebec has implemented research 
infrastructure to optimize hybrid wind-diesel system (HWDS) for the Nordic off-grid 




research and development on smart energy systems. The current infrastructure consists of 
a wind turbine generation system, a diesel generation system, and compressed air storage 
units.  
The idea of integrating a diesel generator (DG) unit with a wind turbine generation 
(WTG) system was initiated in the 1970’s as a solution to overcome oil crisis and much 
research has been conducted throughout the world. At the same time wind power 
generation has gained popularity and is estimated to produce 12% of world’s electricity 
requirement by 2020 [5]; hence hybrid wind diesel system (HWDS) is an economic 
reality to reduce the dependency on diesel.  
 
The key benefits of opting for HWDS includes: a) a reduction in diesel consumption, 
b) a reduction in carbon emission, and c) a reduction in cost of operation. When 
incorporating renewable energy based generation into a large power system, the portion 
of power demand that will be generated from the renewable source are determined and 
used for deciding the major components of HWDS.  The ratio of wind turbine annual 
energy output to annual primary energy demand is known as penetration level [6].  
 
Based on the penetration level, the HWDS has three different schemes [6], which 
characterize the system’s complexity: a) low penetration (20% penetration level) b) 
medium penetration (20 to 50% penetration level), and c) high penetration –where diesel 
generators are shut-down during high wind speeds. Higher saving of diesel fuel is 




solution for supplying the weak-grids or isolated power systems. In comparison to large 
regular utility grids, operating an autonomous HWDS in an isolated power system is 
considered more challenging in regard to regulation of voltage and power system 
frequency under safe values [7].  HWDS with different penetration levels are discussed in 
chapter 5. 
 
1.2. Literature Review 
 
A HWDS is a hybrid combination of a WTG system and DG unit to supply the maximum 
portion of the load requirements from the wind resource, while supplying quality 
electrical power [8] i.e. electrical power supply with regulated frequency and voltage 
conforming to standard codes. However, a complex control system design is involved in 
ensuring the proper power sharing between WTG system and controllable DG unit to 
meet the power demand.  
Several research projects have focussed on simulation and development of control 
systems for HWDS. The interaction between variable speed WTG system and DG units 
has been studied in [9]. The transition between diesel-only (DO) to wind-diesel (WD) 
mode has been simulated with several perturbations on HWDS, where the WTG system is 
connected to an isolated grid powered by a DG unit [10].  The transition from WD to 
wind-only (WO) mode is simulated, and transition from WO to WD mode is simulated in 
[11] [12] and [13]. A dynamic model of wind-diesel system with control system is 




wind speeds, b) wind gust and c) changing loads [14]. However in this work the multi-
variable control approach to regulate speed for maximum power extraction and voltage 
regulation for power quality is not studied; this approach is required to optimize the 
performance of the system.  
Disconnection of WTG system showing the transition from WD to DO mode is 
simulated for an isolated power system in [15]. A methodology to stabilize the voltage 
and frequency has been implemented by controlling the excitation of synchronous 
generator and governor of DG unit respectively [16]. A similar methodology has been 
simulated in [17]. Since the DG unit has been used for stabilizing both the voltage and 
frequency, it is under operation all the time. This means no reduction in diesel fuel 
consumption and operation of DG unit under all loading conditions. Under lower load 
condition the DG unit still consumes 40% of rated fuel consumption [18], leading to 
deterioration in performance. 
A multi-level control strategy for stand-alone wind diesel system is simulated for 
providing high quality power output by regulating voltage and frequency in [19]. A power 
management for a wind-diesel system under different wind and load condition is 
discussed in [20]. Variable speed permanent magnet synchronous generator based wind 
turbine is simulated in [21] to show the control of active power supplied to low voltage 
micro-grids. The regulation of supply voltage and power system frequency for a hybrid 
wind-diesel-battery system supplying isolated load is investigated in [17]. In a similar 




standalone wind turbine operation [22].  Control systems based on fuzzy logic for hybrid 
system with wind and diesel power generation system is simulated in [23].  
In some research works, simulation studies were conducted to establish hybrid system 
based micro-grids. A micro-grid based on a photovoltaic-wind-diesel hybrid system is 
modeled in [24] to show system behaviour under grid fault and islanded operation.  A 
power control strategy for grid connected hybrid power generation system is studied in 
[25].  An MPPT control and control system for safe transient operation of grid-connected 
wind turbine is implemented in [26].  
The dynamic behaviour of a system consisting of a wind farm and a diesel group is 
investigated for different perturbations in [27]. A dual mode linguistic hedge based fuzzy 
controller for a wind-diesel hybrid power system with a storage unit is simulated to 
compare the system performance with a PI and a conventional fuzzy controller in [28]. 
An extended fuzzy linear matrix equalities based system design for a hybrid wind-diesel-
storage is proposed and studied in [29]. A frequency and power control strategy for an 
autonomous power system with a wind-diesel-storage system is developed and studied in 
[30]. A modified automatic voltage regulator based reactive power compensation for a 
hybrid wind diesel system is simulated and verified in [31]. The modeling of distributed 
control system for a wind diesel hybrid system with a battery based storage system is 
modeled and simulated in [32]. An intelligent controller based on neural network for a 
hybrid power system consisting of a solar, a wind and a diesel system is simulated in [33]. 
The power sharing and load voltage regulation for a medium penetration hybrid wind-





Although the above discussed works cover the various aspects involved in the operation 
of HWDS, scientists and engineers still find a dearth of in-depth knowledge to 
commercialize technology in the areas such as: control systems for maximum power 
extraction from wind, HWDS based micro-grid operation and control systems focussed 
on improving power quality. In short, a multi-variable control approach for each 
individual power sources is yet to be addressed for HWDS application. The thesis work 
explores the possibility of developing a supervision control system with the multi-
variable control approach. A maximum power point tracking scheme and a frequency 
regulation system for a hybrid wind diesel system is simulated in [35]; this work also 
includes the power sharing between the sources and sink. A control system for a hybrid 
wind-diesel based standalone power system is simulated in [36] for studying the system 
behaviour under change in operating mode from wind-diesel to wind-only mode; this 
work also discusses the power sharing. A dynamic model with a control system for hybrid 
wind-diesel based microgrid is simulated in [37] for understanding the system behaviour 
under islanded and grid-connected mode. The focus on control system for maximum 
power extraction and power quality improvement can significantly help in effective usage 







1.3. Objectives, Scope and Contribution of the Research Work 
 
1) To develop simulation models for wind energy conversion system (WECS) and hybrid 
wind diesel system (HWDS) – For the simulation based study, simulation models of 
HWDS based stand-alone and micro-grid system, with different types of generator for 
WECS and appropriate control systems are studied. 
2) To develop a control system for WECS to extract maximum power from wind in wind-
only (WO) and wind-diesel (WD) mode of operation. Since wind is highly varying in 
nature, control systems are required to improve power generation performance and 
provide economical solution. Also there is a need to utilize the intermittent wind 
effectively. A maximum power point tracking (MPPT) control is implemented with the 
simulation models 
3) To develop control systems for improving power quality of the generated power from 
HWDS. For any load whether domestic or industrial, the most basic criteria considered 
in supplying quality power are: regulated voltage and regulated system frequency. 
Since the operation of HWDS involves two sources of energy, the voltage and 
frequency of power supply tends to fluctuate and needs to be regulated for ensuring 
optimum quality in power supply. Voltage and frequency regulation systems are 
developed and implemented into the simulation models  
4) To simulate the transition between WO and WD mode of operation in HWDS. Some 
of the reasons for operating HWDS in these two operating modes are to: 1) share the 




reliability of power supply and 3) reduce usage of the diesel generator. Transition 
between the two modes is simulated for HWDS models  
Contribution – A part of the research infrastructure at TCE focuses on integrating the 
wind turbine generation (WTG) system with diesel generation (DG) unit and control the 
power generation of both to supply test loads. For this, TCE requires to develop control 
systems for HWDS. The thesis project is envisaged to provide knowledge on technical 
feasibility of control systems development for optimization of power generated from 
HWDS, where a multi-variable control approach is chosen and simulation models are 
developed for HWDS. The main contribution of the research is presented in chapters 4, 5 
and 6.  
 
1.4. Outline of the Thesis 
 
Chapter 2- Focuses on the wind energy conversion system (WECS) that includes a 
background with fundamentals of WECS and various configurations of WECS  
Chapter 3-Focuses on the electrical power conversion interface, and mainly contain 
discussion on the different types of electrical generators and power converters used in 
WECS applications. 
Chapter 4- Focuses on the development of control system for wind energy conversion 
system with different types of electrical generators. It also includes a discussion on stand-




Chapter 5- Focuses on the development of a control system for hybrid wind diesel 
system (HWDS). Starting with brief background on HWDS, the chapter discusses the 
modeling of diesel generation system and frequency regulation control system. Also 
includes discussion on the stand-alone HWDS and HWDS based micro-grid.   
Chapter 6- Results obtained from simulation study are presented and discussed, followed 























                                                                                      
Wind Energy Conversion System 
2.1. Introduction 
 
Wind energy conversion systems (WECS) play a major role in extracting power from the 
abundantly available source of wind.  It typically consists of a wind turbine, mechanical 
gear system (optional drive train), electrical generator, and power electronic interface and 
control system components. The major function of WECS is to convert the kinetic energy 
from the wind to electrical energy and supply the electrical grid or the loads directly. In 
recent decades, wind energy has become the predominant viable source of renewable 
energy. Scientists and engineers have gained considerable experience in handling small to 
large capacity wind generation systems. 
 
2.2. Brief History and Background 
 
The world’s first wind turbine for electric power generation was constructed in the late 
19
th
 century. Charles F. Brush built the first automatically operated wind turbine in 
Cleveland in 1887 [38]. In the early 20
th
 century, wind turbine generation technology 




and 1950: a) DC generators were replaced by the AC generators and b) wind turbine 
structures with three blades were introduced.  
In the 1970s, the capacity of wind turbine power generation system increased 
significantly to the hundred kW range. Then wind turbines with megawatt (MW) 
generation capacity were operated in 1980s, making a significant contribution to 
renewable energy generation sector. In the same year, wind powered distributed 
generation systems were initiated [39]. As wind power generation technology progressed, 
the cost factor was the major concern to handle. The late 1990s saw wind power emerging 
as a major addition in scope of renewable energy generation source and a significant 
sustainable source of energy.  
Over the last decade, wind power generation has attracted attention of the general 
public and is considered to be the fastest growing renewable energy source. Much more 
rapid growth of global installation capacity is expected in next decade with favourable 
policies being instituted (or in process) throughout the world such as Renewable Portfolio 
Standard (RPS) [40]. These policies promote the increase of power production by placing 
obligation on electricity supply companies to produce a specified fraction of power from 
renewable energy sources during a period.  Today wind energy has become topology 
specific, abundant, clean and potential source of alternative energy option suitable for 
large scale power generation.  
 
 
The global installed capacity of wind power generation systems in 2004 was 39 giga 




produce 12% of world’s electricity requirement by 2020 [5]. As far as Canada is 
concerned, wind farms all together have a current capacity of 6578MW – enough to 
power over 2 million homes or equivalent to about 3% of Canada’s total electricity 
demand. Canada’s wind resource is well distributed in rural areas throughout the country 
with various wind farms in operation, and more now under construction [42]. The 
Canadian Wind Energy Association (CanWEA) believes that wind energy can support 20 
percent of Canada’s electricity demand by 2025 by adding 55,000 MW of clean 
generating capacity that will strengthen the electrical grids and head off potential power 
shortages ( canWEA WindVision 2025 program) [42]. 
 
2.3. Major Components of Wind Energy Conversion System 
 
2.3.1. Wind Turbines  
 
Wind turbines are machines employed for converting the kinetic energy of the wind into 
mechanical energy, where the wind energy generated depends primarily on the wind 
speed [43]. A wind turbine generation system consists of turbine blades, generator, rotor, 
nacelle (gearbox and generator drive), shaft, drive or coupling device, converter and 
control system. 
 
2.3.2. Mechanical Gearbox 
 
A gearbox is a mechanical interface between the turbine rotor and an electrical generator 




generator with the speed of the turbine by a certain conversion factor. Gearboxes are 
mostly used for converting the speed between low speed shafts of turbine to high speed 
shaft of electrical generator. The usage of a gearbox is decided by the type of electrical 
generator to be integrated into wind energy conversion system. Figure 2.1 shows a cut-
away view of a typical wind turbine system [44].  
 
 
Fig.2. 1. Cut-away view of wind turbine system with major components [44] 
 
2.3.3. Electrical Generator 
 
The electrical generator is a machine that uses the mechanical torque from a prime mover 
(wind turbine rotor) and converts the mechanical energy to electrical energy. Depending 
on the type of electrical generator, the rotor shaft of the wind turbine is generally 
connected to the shaft of the generator either directly or through a mechanical gearbox. 




system. Most of the modern wind turbines are integrated with three phase AC generators 
[43]. 
 
2.3.4. Power Electronic Converters 
 
Power electronic converters are electrical devices that process and control the flow of 
electrical energy by supplying optimal amount of current and voltage to suit the needs of 
any load, electrical power grid etc. [45].  
 
In earlier times, power production based on wind energy had less impact on the 
electrical power system control, but in recent years the increased size of wind power 
production units tends to have impact on the stability of the power system operation. 
Initially the induction generator (IG) based wind turbine systems connected directly to 
electrical grid were the commonly used technology. This could cause damaging effects as 
the sharp fluctuation in the wind power gets transferred directly to the electrical grid. 
There were hardly any control system methods to handle active and reactive power in the 
wind power generation systems, which have greater significance in regulating voltage and 
frequency of the system. With increase in the power generation capacity of the wind 
turbines systems, the power electronic converters became a necessary interface between 
WTG units and the electrical power grid [46]. 
 
With rapid advancements in the field of power electronics, the voltage and current 




power losses, lower prices per KVA and higher reliability. Thus, the power electronic 
converters became popular options for improving the quality of power supply and the 
performance of the wind power generation system. 
 
2.4. Various Configurations of Wind Energy Conversion 
System 
 
The structure of the WECS is aimed at transforming the kinetic energy from incoming 
wind into electrical energy in two steps. First the mechanical power is harvested by the 
wind turbine, and then the wind turbine rotor drives an electrical generator to produce 
electrical power. Over the years, a large number of architectures for wind turbines have 
been explored. The current versions of the commercially available designs predominantly 
feature: horizontal axis, three-blades and upwind operation for wind turbines. 
 
The two main electrical components of the WECS include the generator and power 
electronic converter. A wide variety of WECS configurations are possible with different 
design choices and combination of the two electrical components [47]. A broad 
classification of WECS fall in these two categories: a) fixed speed WECS without power 
converter interface, b) variable speed WECS with reduced capacity power converter 






2.4.1. Fixed-Speed Wind Energy Conversion System  
 
Figure 2.2 shows a typical configuration of a fixed-speed WECS without a power 
converter interface, where generally a transformer is used to connect the generator to the 
electrical grid. For this type of WECS, a squirrel cage induction generator (SCIG) is 
preferred. The rotational speed of SCIG is determined through the grid frequency and the 
number of poles in stator winding. In order for the generator to deliver its rated power at 
corresponding rated wind speed; a gearbox is employed to match the speed difference 
between the generator and wind turbine rotor.  
 
The SCIG based WECS requires reactive power for production of active power, the 
increased consumption of reactive power can lead to low full load power factor and a 
high inrush currents at the initial start. To limit this inrush current a soft-starter circuit is 
used at initial start of the fixed-speed WECS and this circuit is bypassed during normal 
operation. In order to compensate the reactive power drawn a three-phase capacitor bank 





















The fixed-speed WECS has the following advantages: mechanically simple, low 
maintenance and manufacturing cost, robust and stable. Their main drawbacks include: 1) 
rated power generation is possible only at a given wind speed, leading to a lower 
efficiency in energy conversion at other wind speeds and 2) with varying wind speed 
power delivered fluctuates, leading to stability and grid integration problems. Despite all 
these drawbacks, the fixed-speed WECS is still used in industry with rated capacity up to 
a couple of megawatts for each unit.    
2.4.2. Variable-Speed Wind Energy Conversion System 
  
The variable-speed WECS has several advantages over operation of fixed-speed WECS, 
which include: 1) reduced mechanical stress on wind turbine blades and structure, 2) 
reduced wear and tear of bearings and gearbox leading to reduced maintenance cost, 3) 
provides advantage of structural design for construction of larger wind turbine, 4) 
increased energy conversion efficiency and 5) increased operating life span of wind 
turbine. The main disadvantage of variable-speed WECS is the need of controlling the 
generator speed through the power converter interface, which increases the complexity 
and cost of the complete system. But the power converter facilitates the decoupling of 
generator from grid, enabling control over reactive power and active power on grid side 
[47]. Depending on the rated power of the power converter with respect to the total 
system operating power, the variable-speed WECS is classified into two types: a) WECS 





2.4.2.1. Variable-Speed WECS with Reduced Capacity Power converter 
 
For variable-speed WECS with reduced capacity power converter, a wound-rotor 
induction generator (WRIG) is preferred and commonly used [48]. Accessibility to 
control rotor currents without using the total power of the system makes it (i.e. WRIG) an 
ideal choice for variable-speed operation. The two main designs for WRIG configurations 
include: a) WRIG with power converter controlled variable resistance and b) double fed 
induction generator (DFIG) with four-quadrant power converter in rotor side. 
A) WRIG with Rotor Resistance: 
Figure 2.3 shows block diagram of a typical WRIG based WECS with a variable resistor 
connected to the rotor circuit. The variable-speed operation of turbine is achieved by 
changing the rotor resistance which in turn operates the generator at corresponding 
optimal torque/speed characteristics. Generally the rotor resistance is varied through the 
power converter. The range of adjustable speed is limited within 10% above the 
synchronous speed of the WRIG [49]. With this arrangement, the variable-speed 
operation maximizes the power captured from wind. Reactive power compensation and 























Fig.2. 3. Variable-speed WECS configuration with variable rotor resistance 
 
B) Double Fed Induction Generator (DFIG) with Rotor Converter: 
Figure 2.4 shows block diagram of a typical DFIG based WECS.  This configuration is 
similar to the WRIG system discussed above with few modifications that include: a) 
replacement of variable resistor in the rotor side with a grid connected back-to-back 
power converters and b) removal of reactive power compensators or soft starter circuit. 
The power converters are used for adjusting the power factor of the system. The slip 
power being processed by these power converters is around 30% of the rated power of the 
generator. This reduces the cost of power converters compared to the WECS operated 
using full-rated power converters [47]. 
This configuration has many advantages that include: a) flexibility of bidirectional 
power flow in rotor circuit, b) extended operating speed range of the generator (±30%), c) 
increased power conversion efficiency of the complete system and d) improved dynamic 
















Reduced capacity power converters  
Fig.2. 4. Variable-speed WECS configuration with reduced capacity power converters 
 
2.4.2.2. Variable-Speed WECS with Fully-Rated Power Converters 
 
The overall performance of the variable-speed WECS is highly enhanced with the use of 
fully-rated power converter interface. Figure 2.5 shows the block diagram of this 
configuration.  PMSG, SCIG and wound rotor synchronous generator with rated power of 
several megawatt ranges are majorly used (but not limited) in this configuration.  The 
power converters are generally rated at the same power rating of the generator. The power 
converters in this configuration provide two main benefits: a) they allow the generator to 
be fully decoupled from the grid and operated at wide range of speeds and b) they enable 
control of reactive power between the grid and WECS. The increased complexity and cost 




This configuration enables operation of WECS without the use of a gearbox by using 
a synchronous generator with lower speed rating and large number of poles.  Operation of 
WECS without gearbox has several advantages: a) it improves the efficiency of the 
system, b) reduces the initial cost and c) greatly reduces the maintenance cost. However, 
the cost of the generator and its installation increases due to lower speed rating leading to 
a larger diameter to accommodate large number of poles on its perimeter. Some of the 
















Fig.2. 5. Variable-speed WECS with fully-rated power converters 
 
Table.1. Power Converter Topologies 
Generator Side Grid/load side 
Diode bridge rectifier with DC-DC boost converter Two level voltage source converter 
Two level voltage source converter  Two level voltage source converter  









                                                                                       
Electrical Power Conversion Interface 
3.1. Introduction 
 
In a WECS, the electrical power conversion interface mainly consists of electrical 
generator and power converters. With recent advancements in power conversion interface 
for wind turbines, various WECS configuration using variety of electrical generators [51] 
and power converter topologies were developed. The electrical generators and the power 
converter interface are discussed in detail in the following subsections. 
3.2. Electrical Generator 
 
The list of most commonly employed electrical generators for wind energy application 
(generally referred as wind generators) is shown in figure 3.1. 
 




Based on the operating principle and physical construction; two prominent types of 
generator are commercially available: synchronous generator (SG) and induction 
generator. A wound-rotor type version of both the generator is available with the rotor 
being fed through slip rings and brushes or a brushless exciter embedded on the rotor 
shaft. The wound-rotor synchronous generator (WRSG) is mainly used in WECS where 
large number of poles is required and operating speed is low. The PMSG is one type that 
is commonly used in low speed operations. On the other hand the wound-rotor IG (also 
referred as DFIG) is the most widely accepted and used generator by wind turbine 
manufacturers and industries [52]. Different types of generator used in WECS are 
discussed in the sections below.  
 
3.2.1. Induction Generator 
 
An induction generator (also known as asynchronous generator) is an AC 
electromechanical machine that converts mechanical energy into electrical energy by 
operating under the principle of an electrical transformer. IG is a two-port system i.e. IG 
can be interfaced through two connection ports: 1) the electrical port in the form of AC 
terminals and 2) the mechanical port in the form of a rotating shaft. IG has the same 
physical construction and operates in same principle as that of an induction motor. An 
induction motor can be operated as IG by connecting the stator terminals to electrical 
system and driving the rotor shaft above its synchronous speed by a prime mover. The 




to drive the motor above its synchronous speed. In this section the IG can be frequently 
referred as induction machine (IM).  
Induction generators are preferred options in WECS because of several reasons: fine 
power generation capability under varying rotor speeds, does not require a separate dc-
field excitation, ease of use with gearbox, simple, rugged and lighter in construction, less 
expensive, requires less maintenance, longer life-time and higher power production per 
unit mass. IGs can be employed both in grid-connected as well as in isolated WECS 
configuration. This allows IGs to be operated at constant or variable speed in a constant 
frequency system.  
3.2.1.1. Construction of Induction Machine 
 
A) Stator of Induction Machine 
 
The stator core houses the three phase windings used in producing the rotating magnetic 
field. The stator core is built by stacking large number of stampings or laminations 
together. Laminations are insulated thin sheets (thickness ranging from 0.35 mm to 0.65 
mm) made from high grade steel. Suitable slots for the windings are created on the stator 
core gap facing the inner periphery, it can be an open-slot, semi-closed slot or completely 
closed slot. The number of slots created is an integral multiple (3 times) of the number of 
stator poles in IM. Due to the constant change in polarity of the magnetic field within the 




reduced by adding 3 to 5% of silicon to the high grade steel and eddy-current loss is 
reduced by using thin laminations.  
B) Rotor of Induction Machine 
 
There are two different types of rotor construction is available for induction machine: a) 
Squirrel-cage rotor used for SCIG and b) Wound rotor used for DFIG. Both rotors are 
built in the same way as that of stator discussed above, except the laminations are much 




In this type of rotor, a closed-type slot in a rectangular or circular shape is created on the 
core. The rotor shaft is placed in the centre and axially oriented to fit firmly by the key-
way.  The windings for a squirrel-cage machine consist of a series of metal bars. 
Depending on the power rating, these metal bars are constructed in different ways. For the 
low and medium power rated machines, molten aluminium is forced through the slots by 
pressure to form metal bars embedded directly into the slots. Then the metal bars are 
short-circuited by the end rings and cooling fan is fitted on the extension of end ring. 
 





 As shown in figure 3.2, this type of rotor is simple and rugged in construction. For 
high power rated machines, off-the-shelf copper or brass bar is manually driven through 
the slots and the ends are silver-soldered or welded into end rings. The metal bars are 
generally inclined with respect to the shaft axis to reduce the magnetic humming within 
the machine and to mitigate the locking behaviour of the rotor. 
Wound Rotor  
 
This type of rotor houses a three-phase winding with equal number of poles as that in the 
stator. A typical wound rotor is shown in figure 3.3. These windings are generally star-
connected whose terminals are made accessible by using slip-rings and brushes. This also 
gives a provision to include an external circuit for control systems in the rotor side. 
 
Fig.3. 3.Rotor of slip-ring or double-fed induction machine [53] 
 
3.2.1.2. Induction Machine Model 
 
The developed induction machine model is an equivalent of the physical system that is 






grid network. The mechanical state variables for the rotor of the machine are included in 
the wind turbine model. 
The electrical and mechanical systems are represented by state space models. An 
arbitrary dq-frame is used as reference for stator and rotor quantities. The electrical 
parameters and variables are referred to stator side; a prime symbol is used in the machine 
equations. Figure 3.4 and 3.5 shows the equivalent circuit model of electrical system in q-
axis and d-axis frame of reference respectively. 
 











The equations of electrical systems are given below [54] 





















                                                   (4) 
Where, 
'
qrmqssqs iLiL                                                                                (5) 
'
drmdssds iLiL                                                                               (6) 
qsmqrrqr iLiL 
'''                                                                             (7) 
dsmdrrdr iLiL 
'''                                                                              (8) 
mlss LLL                                                                                 (9) 
mlrr LLL 
''
                                                                               (10) 
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)(5.1 dsqsqsdse iiT                                                                      (13)
 
The reactive power QS and active power PS at the stator terminal is given below [55]: 
qsqsdsdsS iViVP                                                                           (14) 
qsdsdsqsS iViVQ                                                                         (15) 
The reactive power Qr and active power Pr at the rotor terminal is given below [55]: 
''''
qrqrdrdrr iViVP                                                                          (16) 
                         
''''
qrdrdrqrr iViVQ                                                                          (17) 
3.2.2. Permanent Magnet Synchronous Generator 
 
Synchronous generators (SG) are extensively used in today’s WECS with operating 
power range from kilowatts to few megawatts. SGs are majorly classified into two types: 
WRSG and PMSG. Both generators use different methods to produce rotor flux, rotor 
field windings are used in WRSG, whereas permanent magnets are used in PMSG.  
The PMSGs are considered to be the promising option for the emerging direct driven 
(i.e. without gearbox) wind turbine applications [56]. Removal of gearbox can result in 
numerous benefits like: improved energy conversion efficiency, reduction in the weight 
of the wind turbine, no oil maintenance is required, precision associated with positioning 
is improved, reduced cost of power production, high torque density and higher overall 
efficiency is achieved. Operating at higher efficiency in low speed, high torque 
application can result in huge cost savings throughout the life span of the power drive. 




system size for rated efficiency and power factor and b) higher power density leading to 
maximum overall efficiency. Despite the higher initial cost, the attributes and benefits 
mentioned above makes PMSG an ideal choice for direct-driven WECS.     
 
3.2.2.1. Construction of PMSG 
 
Similar to the construction of induction generator, the PMSG has a stator and a rotor. A 
typical construction of PMSG is shown in figure 3.6.  Since the stator construction is 
similar to that of the induction generator, section 3.2.1 can be referred. Usage of 
permanent magnets for flux production makes the PMSG a brushless machine; this highly 
reduces the maintenance cost. Due to the absence of rotor windings, achieving a higher 
power density is possible through reduced weight and size of the machine. With zero or 
negligible winding loss, the thermal stress on the rotor is highly reduced.  The main 
drawback of PMSG is the usage of highly expensive permanent magnets that are prone to 
demagnetization. Based on the mounting of permanent magnets, the PMSG can be 
classified into two types: surface-mounted and inset PM generator. 
 
 










3.2.2.2. Permanent Magnet Synchronous Machine Model 
The mechanical and electrical system of the machine is represented by state space model. 
In order to obtain sinusoidal electromotive force, the established stator flux by permanent 
magnets is also chosen as sinusoidal. Due to presence of a large air gap generally found in 
PMSG, it is assumed that the machine has a linear magnetic circuit and the core of either 
stator or rotor does not saturate. The equations of the electrical and mechanical system are 
given below. Equations (18) to (20) are used for electrical system and equations (21) and 
(22) are used for mechanical system [54]. 
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                                                              (19) 
         qdqdqe iiLLipT )(5.1                                                                     (20) 
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3.3. Power Electronic Converter Interface 
 
Power converters are used in a wide range of applications in WECS. In variable-speed 




machine. In fixed-speed WECS, they are used in reducing torque oscillation and high 
inrush currents during the start-up.  A maximum power point tracking control system 
includes a power converter for operating the generator to track the optimum reference 
speed. This allows the wind turbine to be operated at optimum tip speed ratio and in turn 
achieve maximum power extraction from the wind.  Also the power converters are 
employed to control active or reactive power and regulate voltage and frequency of power 
supplied to the grid or load.  Depending upon the choice of the electrical generator and 
power ratings, several power converter configurations are possible for WECS.  In this 
project, a pulse width modulation (PWM) controlled two-level three-phase voltage source 
converter with back-to-back connection is used in the simulation study.  
 
The back-to-back converter (rectifier-inverter pair) is the predominantly used 
configuration for the variable speed WECS, consisting of PWM controlled voltage source 
converters (VSC) connected back-to-back. This configuration is a bidirectional power 
converter unit, where one converter works as rectifier and other converter operates as 
inverter throughout the power conversion process in either direction of power flow. A 
DC-link capacitor is connected in parallel between the two converters to achieve 
complete control over the current injected into the load or grid, the DC-link voltage 





3.3.1. Two-Level Voltage Source Converter 
The two-level voltage source converter (VSC) consists of six switches, T1 to T6, with 
each switch connected to an anti-parallel free-wheeling diode as shown in figure 3.7. 
Depending on the operating power range, the choice of switch can be IGBT, MOSFET or 
IGCT etc. When the converter input is in the DC side to produce a three-phase variable 
voltage with variable frequency on AC side, then this converter is generally referred as an 
inverter and connected to AC loads. When the same converter input (with fixed 
magnitude and frequency) is on the AC side to produce variable DC voltage, it is often 
referred as rectifier and connected to DC loads. Thus the circuit of VSC allows 


































Fig.3. 7. Two-level voltage source converter 
 
In figure 3.7, the converter output voltage in phase-a with respect to the point N in the DC 









Where, ma is the modulation index. The value of vaN depends only on Vdc and state of the 
switch. Since one of the switches per leg is always ON at any given time, vaN is 
independent of load current. In order to operate the VSC, a PWM scheme is used and this 
is discussed in the next section.  
3.3.2. Pulse Width Modulation Scheme 
The main objective of the PWM scheme is to provide control signals to the power 
converters and in turn control the magnitude and frequency of the output voltage supplied 
to the load or grid.  A sinusoidal pulse width modulation (PWM) technique is used in this 
work. 
Figure 3.8 shows the waveforms of sinusoidal PWM signal generated for operating a 
two-level three-phase VSC, where a saw-tooth wave represents the carrier signal and the 
three modulating signals are represented by va, vb and vc. The amplitude modulation index 
ma is used in controlling the fundamental frequency component of the converter output 
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Fig.3. 8. PWM signal generation 
The switching pulse for the switches T1 to T6, shown in figure 3.8, is generated by 
comparing the carrier signal and the modulating signal. Considering only one leg in the 
converter (in figure 3.7), when va > Vcarrier, T1 is ON and T4 is OFF. During this period 
the converter terminal voltage i.e. the phase voltage with respect to negative DC bus is 
equal to Vdc. Similarly when va < Vcarrier, T4 is ON and T1 is OFF, during this period the 
converter terminal voltage is zero. In order to avoid the occurrence of short circuit 
between the two switches in the same leg of the converter, a blanking time is introduced 
and both switches are maintained at OFF state during this time. Under linear modulation 
(i.e. ma <1), the fundamental frequency component of the line-to-line output voltage VLL 












     
Chapter 4 
 
                                                                       




Wind energy conversion systems (WECS) play a major role in extracting power from 
abundantly available source of wind.  Since wind is varying in nature, it is very important 
to build control systems to handle the fluctuating power generation.  
Wind turbine control systems are significant part of any modern WECS. These 
control systems ensure the efficient usage of the turbine capacity and increase the useful 
life of wind turbines by mitigating the impacts caused by aerodynamic and mechanical 
loads. With the increased capacity of individual turbine units, control systems for 
improving power quality are required to handle adverse effects on integration of WECS 
with the grid network. Using an active power control system reduces overall operating 
cost of WECS. Some of the primary control objectives include: a) power regulation – 
focussed on extracting the maximum power available from wind, b) improving power 
quality at the load end and c) aerodynamic stress mitigation for operation under safer 
mechanical limitation. Depending upon the choice of the generator and the power 





4.2. General Control Methods for Wind Turbines 
 
The recent decade has seen much advancement in WECS leading to the development of 
new control methods. Based on the speed of operation, WECS control methods can be 
broadly classified as: a) variable speed operation control and b) constant speed operation 
control. 
A constant speed turbine system does not include any special control mechanism for 
controlling the shaft speed of the turbine, which makes it simple and less expensive 
option. Whereas a variable speed control provides better features like: less fluctuation in 
the power output, less mechanical stress on the wind turbine structure, provision for 
maximum power point tracking (MPPT) control to extract maximum possible energy 
from wind and reduced noise during low wind speeds. 
Many research works concluded that the variable speed wind turbine system can 
produce higher capacity (20% more) of power than the constant speed turbine system, 
[57]. Different methods of control can be employed to limit or optimize power generation 
of WECS.  
4.2.1. Modeling of Wind Turbine 
 














Where Cp is power coefficient of the turbine, ρ is the air density (kg/m
3
), A is turbine 
swept area (m
2
), Vw is wind speed (m/s), β is blade pitch angle (degree) and λ is tip speed 
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Where ωr is the rotor shaft speed and R is radius of the rotor blade. Cp of the wind turbine 
is function of β and λ; it is modelled using a generic expression [58] given by equation 
(28).  






























i                                                (29) 
 Equations (26) to (29) have been used in developing the mathematical model of wind 
turbine. Then for each WECS configuration discussed below, the parameters value are 
chosen from different wind turbine specifications (depending upon the generator power 
rating).  
 
4.2.2. Maximum Power Point Tracking Control 
 
In order to capture the maximum power at different wind speeds (mainly in below rated 




this method the shaft speed of the variable speed wind turbine is controlled to maintain an 
optimal tip speed ratio λopt and operate the system at maximum Cp_max, a typical 
characteristic curve is shown in figure 4.1. 
 
 
Fig.4. 1. Typical wind turbine characteristic with power coefficient verses tip speed ratio 
 
By using the relations between speed, torque and mechanical power of a wind 
turbine, an optimal reference torque or speed can be calculated to control the generator 
and in turn achieve maximum power extraction.  A variety of MPPT control schemes 






A) MPPT Using Data from Power Curve of Wind Turbine 
Based on the wind turbine characteristic curve (power vs. wind speed) provided by the 
manufacturer, an MPPT control scheme can be developed. The manufacturer’s curve 
gives an idea about the maximum power that can be generated by the turbine at various 
wind speeds, based on this, an MPPT profile is developed. A typical power characteristic 
curve of wind turbine is shown in figure 4.2.  
 
Fig.4. 2. Typical power characteristic of a wind turbine [59] 
A series of power reference value corresponding to wind speed are generated 
online/offline using the profile. This reference power value is fed to the generator control 
system, which produces the required control signals for the generator side power 
converter. By controlling the power converters, the generator is controlled to track the 
reference power in such a way that the power generated is equal to reference power. Thus 
the maximum power extraction is achieved. In this analysis the power loss in the gearbox 
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B) MPPT Using Optimal Tip Speed Ratio 
In order to operate the wind turbine at maximum power points, the tip speed ratio is 
maintained at an optimal value λopt .  The control schematic for this method is shown in 
figure 4.3, where the reference speed ωref is generated from the wind speed measurement 
using value of the λopt . The power converters are controlled to vary the speed of generator 
rotor. The control system generates the fire pulse signals to control the power converters 
in such a way that the rotor speed ωr follows the ωref . Thus the maximum power point 



















Fig.4. 3. WECS with optimal tip speed ratio based MPPT control scheme 
C) MPPT Using Torque Controller 
In this method the torque-speed relation is explored to develop an optimal control system, 
where the torque of the turbine Tm is a quadratic function of the generator rotor shaft 
speed ω given by below equation. 
2




Similar to the previous method the measured value of ωr is used for calculating the 
desired reference torque Tm
*
 given by the below equation.  
2*
roptm KT                                                               (31) 
Where Kopt is the optimal torque coefficient calculated from the specifications of the 
generator. Then the control system operates the generator to follow the reference torque 
Tm
*
 to achieve maximum power point tracking.  
4.2.3. Improved MPPT Control Strategy 
In this project an improved MPPT control strategy is used and implemented with the 
simulation model. In which a speed tracking system is developed to achieve maximum 
power extraction. For a wind turbine system, the power coefficient Cp represents the 
value of fraction of power converted into mechanical energy from the available wind 
energy. The Cp depends on the tip speed ratio λ (which in turn depends on turbine rotor 
shaft speed    and wind speed Vw). Since Cp   being function of λ, it reaches a maximum 
value for an optimum tip speed ratio λopt. This value of Cp   implies that the wind turbine is 
converting the maximum possible fraction of energy available in the wind into 
mechanical energy.  
In order to operate the wind turbine with maximum Cp, the rotor shaft speed     has 
to be controlled and regulated at an optimum value for which the wind turbine operates 




turbine characteristics to determine optimum tip speed ratio λopt and use equation (32) to 






                                                               (32) 
Since the common MPPT methods based on equation (28) requires the knowledge of 
wind turbine characteristics and wind speed measurements, it could affect the reliability 
of the control scheme with the presence of inaccuracies in the sensors and error in 
modeling of the wind turbine. In this work an MPPT control algorithm [60] developed 
based on power is simulated to determine the reference rotor speed ωref. A flowchart of 
the algorithm is shown in figure 4.4, where Pm mechanical power produced by the wind 
turbine. 
 
Fig.4. 4. Flowchart for the MPPT algorithm 
 
For achieving continuous improvement in the speed tracking performance, the choice 
of the value of parameter k keeps changing with the change in wind speed. At low wind 
speed, the variation in the power generation is lower and vice versa at higher wind speed. 




value of k decreases.  In similar methods [60] [61], the value of k is chosen manually 
from repeated simulations. In this work a new expression is proposed [62] to calculate k 
and it is expressed in equation (33).  
 
1)(.  tk r                                                                  (33) 
Where α is a positive gain. With this technique, the MPPT control system is improved 
and simulation results based are discussed in chapter 6.  
 
 
4.3. Development of Control System 
 
In this project, WECS based on three different machines has been modelled and 
implemented into simulation model. The machines used in the models are: squirrel-cage 
induction machine, double-fed induction machine and permanent magnet synchronous 
machine. Control system development for each of the three machines is detailed in 
following subsections.   
 
4.3.1. PMSG Based WECS in Stand-Alone Power System 
 
The modelling of the permanent magnet synchronous generator (PMSG) is discussed in 
section 3.2.2.2 of Chapter 3. The main objective of the developed control system is to 
control both power converters. The first converter is the machine side converter, where a 
vector control scheme is developed to provide torque control of the PMSG.  The second 




scheme is developed to provide load voltage regulation. The complete simulation model 
developed for the PMSG based wind energy conversion system is shown in figure 4.5. 
 




A) Machine Side Converter Control System 
A flux weakening vector control scheme is modelled for controlling the PMSG. The 
complete PMSG drive system consists of: three-phase power converter, generator, vector 
controller and speed controller. The developed control system model for the machine side 





Fig.4. 6. Simulation model for machine side converter control system [54] 
 
The power converter is a PWM controlled voltage source converter. The three 
generator reference line currents (corresponding to reference torque and flux values) are 
computed through the vector control scheme. In turn, the vector controller generates 
PWM signals through a three-phase current regulator. The model of the control scheme 





Fig.4. 7. Model of vector control scheme with current controller [54] 
 
An optimal control is employed to regulate the line current amplitude corresponding 
to desired torque reference Tref; consequently the nominal value of flux is maintained. The 
amplitude and phase of the currents are also changed in accordance with the machine 
torque-speed operating characteristic to achieve the desired flux weakening. A PI 
controller based speed control is used for obtaining torque reference. In order to achieve 
flux weakening control, the normalized value of flux is calculated for every change in the 
machine speed. The equations used to develop the control system are given below. 
Equation (34) and (35) are used in modeling simple PI-controller for speed control, 
equation (36) and (37) are used for modeling the inputs for the current regulator, which is 
a simple hysteresis controller [54]. 
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and electrical angle is 
used for calculating the stator reference current Iabc
*
. By using Iabc
*
 and three phase stator 
current Iabc, the current regulator produces control signals for power converter. Thus the 
machine is controlled through power converter by using a vector control scheme.  
B) Load Side Converter Control System 
The load side converter control system is developed to regulate the load voltage by 
regulating the DC-link voltage Vdc. The developed control system model for load side 
converter is shown in figure 4.8. 
 
Fig.4. 8. Simulation model for load voltage converter control system [54] 
 
The vector control scheme is employed for the load side converter. The complete 
control system is divided into two parts: a) voltage regulator and b) current regulator. 
Equations (38) to (40) are used in modeling a PI-controller for voltage regulation and 
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0_ refqI                                                             (40) 
Where Vdc, Vdc_ref , Vdc_error are dc-link voltage, reference dc-link voltage and dc-link 
voltage error respectively. Id_ref, Iq_ref   are reference d and q current components 
respectively. Kp_Vdc, Ki_Vdc are proportional and integral gains of PI controller 
respectively. 
 
Fig.4. 9. Model of current regulator [54] 
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Where Kp_CR, Ki_CR are the proportional and integral gains of the PI controller used for 




. Id and Iq are the d and q current components respectively, 
obtained using park transformation (abc to dq0) for the three phase load current Iabc_load . 







4.3.2. Squirrel-Cage Induction Generator Based Stand-Alone WECS 
 
The modelling of the squirrel-cage induction generator (SCIG) is discussed in section 
3.2.1.2 of Chapter 3.  In this section, the control system is developed to control the power 
converters at generator end and the load end. The complete simulation model of the 
system is shown in figure 4.10. 
 








A) Generator Side Converter Control 
 
A vector control scheme is employed to control the generator-side power converter and 
minimize the difference between the rotor speed    and reference speed ωref.  To achieve 
output power control, the rotor currents are controlled in order to control the speed and 
torque of the induction machine. The complete model of the developed control system is 
shown in figure 4.11 [54]. 
 
Fig.4. 11. Model of generator side converter control system [54] 
 
By using the rotor as the reference frame, the speed control of the induction machine 
is achieved by a PI controller with rotational speed error as input is used to produce 
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Using the three phase stator current Iabc, the value of Iq and Id are calculated with 
Park transformation (abc to dq transformation). Equation (47) and (48) are used in 
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Where   the time constant, Lr is the rotor inductance, Rr is the rotor resistance and s is the 
Laplace variable. 
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Where rw is the rotor frequency in (rad/s). The reference dq-axis currents are calculated 
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and   is used for 
calculating the stator reference current Iabc
*
. By using Iabc
*
 and Iabc, the current regulator 
(a simple hysteresis controller) produces control signals for power converter. Thus the 
rotational speed of the machine is controlled through power converter by using vector 
control scheme.  
B) Load Side Converter Control 
 
A vector control scheme is employed to regulate the load voltage by regulating the DC-
link voltage Vdc.  Figure 4.12 shows the control system schematic used for load voltage 
regulation. The input variables to the control system are Vdc , load voltage Vabc, load 
current Iabc and reference dc-link voltage Vdc_ref . The output of the control system 
provides the reference signal, used as the input for the PWM signal generator.  Generated 
PWM signal is used as the firing pulse for the load side converter.  For each sample time 
the Vdc is measured and compared with Vdc_ref, and the voltage regulator reduces the 
difference between Vdc  and Vdc_ref until the voltage across the load is regulated to the 
desired voltage. Since the control scheme is similar to the one used for PMSG based 
WECS in section 4.3.1, the equations (38) to (44) are applicable for this control scheme 










Fig.4. 13. Simulation model for load side converter control system [54] 
 
4.3.3. Grid Connected DFIG based WECS 
 
The modelling of the generator is discussed in section 3.2.1.2 of Chapter 3. The complete 
simulation model developed for the DFIG based wind energy conversion system is shown 





Fig.4. 14. Simulation model of grid connected DFIG based WECS 
 
 
Fig.4. 15. Model of DFIG based WECS with control system 
The power converters play a major role in providing dynamic control access to the 
DFIG. By decoupling the electrical power system frequency and mechanical rotor speed, 




frame is chosen for using Park transformation in the modeling. Control system for the 
rotor side and grid side converter is shown in figure 4.15 [54] and discussed in following 
subsections.  
The electrical grid system is modeled using the following components: a) 120 KV 
three phase voltage source, b) three phase inductance, c) two three phase transformer, d) 
grounding transformer and e) three phase transmission line with pi-section model. The 
model of the grid is shown in figure 4.14.  Detailed specification of the components is 
provided in the appendix. 
 
 
A) Rotor Side converter Control 
 
Rotor side converter control scheme mainly provides torque control for DFIG. The torque 
controller modifies the electromagnetic torque Tem of DFIG in correspondence to change 
in wind speeds, in turn controls the rotor speed to operate at desired value. From a 
reference rotor speed ωref value, a reference torque Tref is obtained. Then a current 
regulator is developed for producing control signals for the rotor side converter. The 





Fig.4. 16. Model of rotor side converter control system [54] 
 
Equation (53) & (54) are used in developing an electromagnetic torque controller and 
equation (55) to (63) is used in developing current regulator [54].  
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Where Iqs and Ids are estimated values, ωωr is the difference between per unit values of 





, the values of Vd and Vq are obtained. Then by using Park 
transformation (dq to abc conversion), the control voltage Vrotor_control is calculated and 
used for generating PWM signals for rotor side converter.  
B) Grid Side converter Control 
 
The grid side converter (GSC) control system regulates the DC-link voltage and in turn 
regulates the load voltage.  The complete schematic of the grid side converter control 
system is shown in figure 4.17. 
Vector control scheme is employed for the GSC converter. The complete GSC 
control system is divided into two parts: a) dc-link voltage regulator and b) current 
regulator. The equations used for developing the control system are provided below. 
Equations (64) to (66) are used in developing voltage regulator and equations (67) to (70) 





Fig.4. 17. Grid side converter control system 
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Where Vdc, Vdc_ref , Vdc_error  are dc-link voltage, reference dc-link voltage and dc-link 
voltage error respectively. Id_ref, Iq_ref   are reference d and q components of the grid 
current respectively. Kp_Vdc, Ki_Vdc are proportional and integral gains of PI controller 
respectively, used for providing Id_ref .   
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Where Kp_gc_CR and Ki_gc_CR are the proportional and integral gains of the PI controller 




. Id and Iq are the d and q components of grid current 
respectively, obtained using park transformation (abc to dq0) for the three phase grid 
current Iabc_gc . LGrid and RGrid are the grid side coupling inductance and resistance 
respectively. 




, the values of Vd 
and Vq are obtained. Then by using Park transformation (dq to abc conversion), the 


















                                                                                       
Hybrid Wind Diesel Control System  
5.1. Introduction 
 
A hybrid wind diesel system (HWDS) is a power generation system using a combination 
of a wind turbine generation (WTG) system and diesel generation (DG) unit as its power 
source. The idea is to supply the maximum portion of the load requirements from the 
intermittent source of wind, while supplying quality electrical power [8]. 
 
5.1.1. Types of Penetration Levels in HWDS 
 
A) Low Penetration 
In this type of HWDS, the wind power generation is just an additional source that does 
not require any special arrangements. With a given control flexibility of WTG system and 
speed of modern DG unit, the control system technology requirements are trivial for this 
generation level. Major operating characteristics are: a) diesel generation unit operates 
full-time, b) net load on diesel system is reduced by wind power generation system, c) 
does not requires any supervisory control system and d) peak instantaneous penetration is 







Fig.5. 1. Low penetration hybrid wind diesel system [64] 
 
B) Medium Penetration 
HWDS with large amount of contribution from wind belongs to this classification. A 
typical medium penetration HWDS is shown in figure 5.2 [64]. With the power 
penetration up to 50%, the diesel generators are loaded less than the actual capacity and 
sometimes it is shut off or switched to a smaller unit for production.  Maintaining 
sufficient power balance between wind energy penetration and diesel generation becomes 
challenging, as operating diesel generation units to tightly regulate system voltage is 
difficult. However, the power quality can be improved by:  a) exercising reduction of 
power with wind turbine control system, b) using additional loads to avoid excessive 
amount of energy generated by wind turbine system and c) implementing power factor 
correction scheme using capacitor banks or using power electronic based reactive power 





Fig.5. 2. Medium penetration hybrid wind diesel system [64] 
 
C) High Penetration 
In this type of HWDS, much auxiliary equipment are installed in addition to wind turbine 
to completely shut off the diesel generation unit in case of excessive power production 
from wind. Controllable secondary loads are used when extra instantaneous power 
exceeding the electrical load requirement is generated, were the instantaneous penetration 





Fig.5. 3. High penetration hybrid wind diesel system [64]   
 
The major components of the high penetration HWDS includes: power converters, 
synchronous condensers, load banks, dispatchable loads, battery based storage system and 
advanced control system to maintain system integrity and higher power quality. The high 
penetration systems are yet to reach the status of mature technology; this is due to the 
requirements like complex technology and high level system integration. But still 
commercially demonstrated projects are available today. Figure 5.3 shows a typical high 
penetration HWDS [64]. 
5.1.2. Modes of Operation of HWDS 
 
A) Wind-Only Mode 
 
In wind-only (WO) mode, the consumer load power demand is supplied by the wind 
turbine generation (WTG) system only. If the wind turbine is a fixed-pitch constant speed 




regulate the frequency in this mode, the variable dump load system is used. Dump load 
system consist of resistor/heating elements, they are connected to HWDS by power 
electronics switches like IGBT, GTO etc. When wind speed is high, the required dump 
loads are switch ON for dumping the excessive generated power, and in turn the power 
system frequency is maintained at constant value. If the wind turbine is a variable-pitch 
variable speed type system, then the pitch angle control system is used to control the wind 
turbine from generating excessive power during higher wind speed, in turn the frequency 
is maintained at predefined limits. A HWDS is operated in WO mode only when the wind 
power generated is greater than that of the consumer load power demand.  
 
 
B) Wind-Diesel Mode 
 
In wind-diesel (WD) mode of operation, both diesel generation (DG) system and WTG 
system are operated simultaneously to supply the consumer load power demand. The 
power generated by the DG system is regulated by the governor control system to 
supplement the power generated by the WTG system. The terminal voltage of the HWDS 
is regulated by the synchronous machine in diesel generation system. In this mode the 
diesel generator is operated continuously, even though the wind speed is high. 
Intermittent wind diesel mode is used for reduction in the fuel cost and the diesel 
governor is engaged or disengaged with synchronous generator by a mechanical clutch. 
Operating cost of the HWDS in the continuous wind diesel mode is much more expensive 
that the intermittent wind diesel mode. In general supplying a load less than 40% of the 




reducing the cost of operation, control systems are designed to optimize the power 
generation from WTG and DG.   
 
5.2. Diesel Generator  
 
The diesel generator consists of a diesel engine with the governor control system and a 
synchronous machine driven by the diesel engine. Major components of the diesel engine 
model consist of a controller, actuator and a delay.  The diesel engine model  consists of: 
a) a controller for checking the steady-state error in speed and b) an actuator with gain K, 
time constant Ti and integrator altogether for controlling the fuel rack position [65]. 
 
The diesel engine model is developed with second order controller and actuator with 
two transfer function TF1 and TF2 [66] as shown in figure 5.12.  With the presence of 
dead time and occurrence of parameter variation in real-time diesel generation system, 
controlling the speed of diesel engine prime movers involves technical complexity, 
resulting in slow plant dynamics. The controller provides quick response at the startup 
and fast speed recovery during load variation. The developed diesel engine model 
emulates the rate of fuel consumption as a function of speed, which is modeled using a 
simple first order equation relating the fuel rack position and the developed mechanical 
power of the diesel engine [67].  
The governor control system plays a major role in regulating the speed of the engine 




required power is generated to supply the load. Variation in the dead-time together with 
system parameter uncertainties results in significant degradation in the performance of 
diesel engine as a prime mover, mainly during load changes, which is a commonly 
occurring change in power system [68].   
The existence of the non-linear, time-varying, dead time between the fuel injection 
and production of mechanical torque Tmech makes the diesel engine a non-linear system 
[69]. So the speed is commonly controlled by a PI controller to prevent steady-state error 
in speed. The production of mechanical torque Tmech is represented by conversion of fuel-
flow to torque after a time-delay Td [54]. The equation used for the conversion is 
expressed below [54].  
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5.2.1. Synchronous Machine Model 
 
The electrical system of the machine is represented by state space model. Each phase 
consists of a voltage source in series with RL impedance, which implements the internal 
impedance of the machine. The electrical quantities along with rotor parameters are 
referred to the stator and indicated by primed variables. Dynamics of the stator, field and 
damper winding are taken into consideration in the model, and the equivalent circuit is 









Fig.5. 5. Equivalent circuit model of electrical system of synchronous machine in d-axis 
frame [54] 
The equations of electrical system are given below [54]. 
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Where the subscript: a) R and s refers to rotor and stator parameters b) l, m refers to 
leakage and magnetizing inductance respectively c) f, k refers to field and damper 





The equations for the mechanical system are expressed below 
[54]
: 
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Where, H is Inertia constant, Tm is mechanical torque, Te is electromagnetic torque, Kd is 
damping factor representing effect of damper windings, ωR(t) is rotor speed and ω0 is 
speed of operation. 
5.2.2. Excitation System 
 
An excitation system is used for exciting the field windings of the synchronous machine 
and also used for regulating the terminal voltage when operated in the generator mode. 
The excitation system, used in this project work, is a DC exciter [70]; it is assumed that 
no saturation occurs in the system. The major components of the excitation system 
includes: a voltage regulator and an exciter circuit. The excitation system is represented 
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Where Vfd is the exciter voltage, Er is the output of voltage regulator, Kex is the exciter 
gain and Tex is the time constant of exciter. 
 





The developed control system operates the HWDS in wind-only (WO) and wind-diesel 
(WD) mode of operation. In WO mode, the generator side converter is used for 
controlling the WTG to achieve maximum power point tracking (MPPT), and the 
frequency regulation system operates the required sink (i.e. the dump load) for the 
excessive generated power.  In WD mode, the wind turbine is controlled using MPPT to 
extract maximum power from wind, and simultaneously the diesel generator (DG) unit is 
operated to supplement the power generation from WTG to meet the load power demand.  
In WD mode, the generated voltage in HWDS can also be controlled by the excitation 
system of the synchronous generator.  
 
At any given time, the power generated from the wind turbine varies with the 
fluctuating wind speed. In a large interconnected power system, these fluctuations are 
absorbed by the electric grid to regulate the power system frequency. In case of low and 
medium penetration HWDS, which is mostly operated as an isolated power system, the 
power balance is maintained by controlling the power generation of the diesel generator. 
This also ensures that the system integrity is not disturbed.  
 
The wind turbine is considered to be a much more complex system than the DG unit 
and the control system developed in this project is mostly focussed on the wind turbine. 
All the concepts discussed and control system developed in chapter 4 is applicable to 
HWDS. Two different types of power system configuration are chosen to simulate the 




configuration, a PMSG based direct-driven WECS is used and a DFIG based WECS is 
used for the micro-grid configuration.  
 
5.3.1. HWDS Based Stand-Alone Power System 
 
The schematic of the control system developed for HWDS in stand-alone configuration is 
shown in figure 5.6.  The considered hybrid power system consists of a PMSG based 
direct-driven wind turbine, a synchronous machine based diesel generator, power 
electronic converters and the dump loads. The dump loads are used as sink for excessive 
power generation. The control system is developed to control the power converters at the 
machine side and load side. A maximum power point tracking control is simulated for 
wind turbine with the machine side converter. In this configuration, the transition from 
WD to WO mode is simulated. The diesel generation system includes a governor control 
for controlling its power generation. The main contribution of the developed control 
system for this HWDS is to show: a) power sharing between the sources and the sink and 
b) transition between WD to WO mode of operation and c) maximum power extraction 





























































































Fig.5. 6. Schematic of hybrid wind diesel system with PMSG based direct-driven WECS 
 
The values of the parameters used for modeling the WECS and DG unit are referred 
from the machine specifications provided by TechnoCentre [4] to closely resemble its 
wind-diesel generation capacity used in their micro-grid project. The simulation model 






Fig.5. 7. Simulation model of HWDS based stand-alone power system 
 
5.3.2. HWDS Based Micro-Grid Power System 
 
The schematic of the HWDS in micro-grid configuration is shown in figure 5.8 and the 
simulation model is shown in figure 5.9 [54]. In this configuration, the control system is 
developed for operating the hybrid wind diesel based micro-grid in a) grid connected 
mode and b) the islanded/isolated mode. The micro-grid consist of DFIG based wind 
farm, synchronous machine based diesel generator and regular electric grid supply. Were 
it is assumed that all the wind turbines are exposed to same wind speed.  
 
The control system is developed to control the power converters at the generator side 
and grid side. A maximum power point tracking control is simulated for wind turbines 
with the generator side converter. The developed grid side converter control system 
regulates the DC-link voltage. The diesel generation system includes a governor control 
for controlling its power generation. A supervisory control is simulated to disconnect the 
grid supply through a circuit breaker during isolated mode of operation.  The main 
contribution of the developed control system for this HWDS is to show: a) power sharing 
between the sources and the sink and b) transition between WO to WD mode and WD to 
WO mode of operation, c) maximum power extraction from wind that leads to reduced 
usage of diesel generation system and d) regulation of DC-link voltage leading to 

































































































Fig.5. 8. Schematic of hybrid wind diesel system based micro-grid 
 
 






5.3.3. Frequency Regulation System 
 
Power system frequency represents the stability and balance maintained between the load 
power demand and the generated power. Small or large fluctuation in load power demand 
occurs commonly in any power system operation. Generator tripping or outage of power 
plants can lead to a critical stability problem and large frequency fluctuation in power 
system. In order to avoid these common problems and safeguard the stability of power 
system, a frequency regulator control system should be implemented. 
The power supply frequency of the HWDS supplying the isolated load can be 
regulated using controlled dump loads [71]. Dump loads are variable loads that can be 
controlled by power electronic switches with high frequency switching action. The dump 
loads are modeled using eight sets of three-phase resistors connected in series with gate 
turn-off (GTO) thyristor switches as shown in figure 5.10, where A,B and C are the phase  
terminals connecting the main loads. The nominal power of each set of dump load 
follows a binary progression so that the dump load can be varied in ranges of values. In 
this simulation, frequency regulation controller is implemented only for the stand-alone 
HWDS configuration. In a grid connected system, various generating sources are 
interconnected to common bus and operated in synchronism, where the control system at 
each generation station regulates the system frequency to match the grid operating 
frequency. So in general, the wind turbine system connected to the grid is considered to 












Fig.5. 10. Dump load system with four-sets of loads 
 
The frequency is regulated by the discrete frequency regulator control system. The 
simulation model of the frequency regulation system is shown in figure 5.11. A standard 
discrete three-phase phase locked loop (PLL) system is employed to measure the 
frequency of power system. The measured frequency is compared to the reference 
frequency (60 Hz for North American standards) to obtain the frequency error. A phase 
error is obtained by discrete-time mathematical integration of frequency error. This phase 
error is then used as an input to proportional-derivative (PD) controller to produce an 
output signal representing the required dump load power. This signal is converted to an 8-
bit digital signal using a sampling system, with each bit providing switching pulse to the 
GTOs connected to the eight sets of three-phase dump loads. Switching action of these 





The reference frequency input for the control system has been considered as 60Hz. 
For each sample time, frequency of the system is measured and compared with reference 
frequency. Any difference in the frequency will actuate the required dump loads to 
minimize the error between the reference frequency and system frequency. The process 
continuous throughout the simulation to ensure the system frequency is maintained at 60 
Hz [72]. 
 
Fig.5. 11. Model of frequency regulation system [54] 
 
5.3.4. Governor Control system for Diesel Generator 
 
In a diesel engine, the speed of the engine is regulated by controlling the flow of diesel 
into the cylinders with the help of injectors, the device which performs this task of 
regulation is known as the governor. This is mainly responsible for regulating the speed. 
Regardless of any change occurring in the load, the governor has a main role in 
maintaining speed of engine at constant value.  
 
For the diesel generation application, the diesel engine acts as the prime mover of a 
generator shaft to produce electrical power. Governor that controls the engine at constant 
speed regardless of the variations in the load is known as the constant speed governor. 
Governor that maintains the speed within a range of maximum and minimum value is 




[65] [66] is chosen and simulated into HWDS model, where the power applied to the 
generator shaft is controlled by the governor control system, which majorly involves the 
controlling the fuel rack position. The simulation model of the diesel engine with the 
governor control system is shown in figure 5.12. 
 
 
Fig.5. 12. Model of diesel engine with governor control system [54] 
 
The main objective of the power control on the generator shaft is to regulate the 
speed, which is controlled for operating the diesel generator in parallel to the electric grid. 
When the diesel generator is operating in parallel with grid, the governor controls the 
power generation only and not the speed (but the behaviour of the governor varies in an 
isolated power system). The operating speed of diesel generator is related to the 
frequency of the generated voltage as given by the below expression: 
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Both frequency and speed can be used for controlling the governor. But control using 
frequency signal has a drawback, as the generator frequency signal depends upon the 
excitation of the generator. In case of failure in excitation system, the insufficient residual 




increasing till the prime mover shaft is damaged by over speed. This is avoided by using a 
mechanical governor or an additional control for prime mover as a backup for the 











































                                                                                       
Simulation Results and Discussion  
6.1. Organization of Results 
 
Validating the performance of the developed control system for the HWDS is shown by 
the simulation results. The results are organized as follows: the section 6.2 will discuss 
results obtained from the simulation models of the wind energy conversion system, the 
section 6.3 will discuss the results obtained from the HWDS simulation models.  
 
In this chapter, the results obtained for the PMSG based WECS and HWDS are mainly 
focussed for the model validation with real-world data. The PMSG based WECS and 
HWDS are developed based on the real-time specifications provided by the TechnoCentre 
Éolien (TCE) [4]. The simulation results obtained closely conforms to the power curve of 
the wind turbine employed at the research unit of TCE. In order to test the control system 









6.2. Simulation Results Obtained for Wind Energy Conversion 
System  
 
6.2.1. DFIG based Grid Connected Wind Energy Conversion System 
 
 
Validating the performance of the developed control system (in section 4.3.4 of chapter 4) 
for the WECS is shown by the simulation study results.  Figure 6.1 shows the speed 
tracking performance of the control system. A maximum power point tracking (MPPT) 
algorithm is simulated to track the optimum rotor speed for maximum power extraction 
from available wind. The first graph of figure 6.1 shows the wind speed with sharp step 
change occurring at 10 second simulation time.  Second graph in figure 6.1 shows the 
speed tracking, the MPPT reference speed is calculated by an MPPT algorithm discussed 
in section 4.2.3 of chapter 4.  It is observed that at the time zero the DFIG starts with an 
initial speed (150 rad/s). This initial rotor speed effect is caused by the connection of 
stator with electrical grid.  This also has an effect during the speed transitions as seen in 
figure 6.1. But still the controller is able to control the rotor speed to match the reference 
speed; this is achieved by manual tuning of controller gains. During the simulation time 
from ten to thirteen seconds the power generated is close to zero, this is mainly attributed 
to the loss of speed tracking control. It can be observed that the actual speed fluctuates. 
The differences between the actual speed and the MPPT reference speed along with the 
influence from the grid are mainly responsible for the dip in the generated power. The 







Fig.6. 1. Maximum power point tracking performance 
 
Figure 6.2 shows the DC-link voltage regulator performance. Throughout the simulation 
the DC-link voltage is maintained at constant value. Hence the grid side converter control 
system has good performance. 
 





6.2.2. PMSG Based Stand-Alone Wind Energy Conversion System 
 
Validating the performance of the developed control system (in section 4.3.2 of chapter 4) 
for the WECS is shown by the simulation study results.  Figure 6.3 shows the speed 
tracking performance of the control system. A maximum power point tracking algorithm 
is simulated to track the optimum rotor speed for maximum power extraction from 
available wind. First graph of figure 6.3 shows the wind speed with sharp step change 
occurring at 4 second simulation time. The second graph in figure 6.3 shows the speed 
tracking, the MPPT reference speed is calculated by an MPPT algorithm discussed in 
section 4.2.3 of chapter 4. It can be observed that the performance of the speed controller 
is good in overcoming sharp changes in speed reference.  
 





Figure 6.4 shows the load power consumption corresponding to wind pattern in figure 
6.3. Throughout the simulation time a steady load power is supplied from WECS. An 
additional load is added at simulation time 7 seconds. 
 
 
Fig.6. 4. Load power consumption 
 
Figure 6.5 shows the regulated load voltage. A constant load voltage is maintained 
throughout the simulation. It can be observed that the load voltage regulator performance 
is good. 
 





The wind turbine at TCE is a fixed pitch variable speed system. With a fixed pitch 
system, maintaining the power and speed at rated values during the above-rated wind 
speed regime is challenging control scenario. In order to resolve this real-world problem, 
the speed of the generator should be controlled to rotate at rated value through the control 
scheme discussed in previous chapters.  The rated wind speed for the wind turbine is 
11m/s. In the simulation, a step change (from 8 to 11.5m/s) in wind speed has been used 
to study the control system performance under the above-rated wind speed. Figure 6.6 
shows the results obtained for this simulation. It can be observed that the generator speed 




Fig.6. 6. Speed tracking performance under above-rated wind speed regime 
 
Figure 6.7 below shows the control system performance for a sine wave shaped wind 
speed pattern. The first graph shows the wind speed. The second graph shows the MPPT 




the controller requires an improvement; this can be achieved by tuning of the controller. 
The transient observed before one second simulation time is mainly attributed to the 
chosen initial values of power and speed in the MPPT algorithm discussed in section 
4.2.2 of chapter 4. Still it can be observed that the generator rotor speed is controlled to 
track the change in the MPPT reference speed. 
 
 
Fig.6. 7. Speed tracking performance under sine wave shaped wind speed pattern 
 
Figure 6.8 shows the load power consumption corresponding to the wind speed pattern 
shown in the above graph. The initial load is 10kW and an additional load connected 
through a circuit breaker at 7
th
 second. It can be observed that, the load power supply is 
kept constant even under the fluctuating wind speed. This is mainly achieved through the 
usage of power converters. But the graph shows that the power supplied is slightly lesser 
than the load demand, this is mainly attributed to the losses incurred in the power filter 





Fig.6. 8. Load power consumption 
 
Figure 6.9 shows the graph for the load voltage regulation. The significance of the load 
voltage regulation is related to the power quality supplied to the load. Any load connected 
to a source is required to be supplied with constant voltage at rated value. The result 
observed in the graph corresponds to the wind speed pattern shown in figure 6.7. The 
rated load voltage is 480V and it can be observed that the load voltage after 1
st
 second is 
kept constant at 480V throughout the simulation under changing wind speeds. The values 
of the load voltage observed before 1
st
 second contains a mild fluctuation, this is 
attributed to the transient behaviour observed in the second graph of figure 6.7. During 
the transient period, the controller is yet to track the MPPT reference speed, the difference 
between the actual speed and the reference speed influences the generated voltage and in 










6.2.3. SCIG Based Stand-Alone Wind Energy Conversion System  
 
Validating the performance of the developed control system (in section 4.3.3 of chapter 4) 
for the WECS is shown by the simulation study results. Figure 6.10 shows the speed 
tracking performance of the control system. The  first graph shows the sinusoidal wind 
speed pattern. The second graph in the figure 6.10 shows the speed tracking performance 
of the controller. Where the reference speed is generated from the MPPT control scheme 
described in section 4.2.3 and the actual speed is the speed of the generator. It can be 
observed that the speed tracking performance is good. This shows the wind turbine 
operates at higher power coefficient in turn higher efficiency in terms of power 
conversion.   
The third graph in the figure 6.10 shows the power generated by wind turbine system. 




control action with MPPT control scheme. Since the system is operated in stand-alone 
mode, the load power consumption is equal to the wind turbine power output. Occurrence 
of power fluctuations at the load end power converter is reduced by LC filters.  
 
 
Fig.6. 10. Speed tracking performance of the control system 
 
Figure 6.11 shows the control system performance for load voltage regulation. The load 
voltage is regulated at constant value. It can be observed that the performance of voltage 






Fig.6. 11. Regulated load voltage 
6.3. Simulation Results Obtained for Hybrid Wind Diesel 
System  
 
6.3.1. Stand-Alone Hybrid Wind Diesel System with PMSG based 
WECS 
 
Validating the performance of the control system discussed (in section 5.3.1 of chapter 5) 
for the HWDS is shown by the simulation study results.  Figure 6.12 shows the speed 
tracking performance of the control system. The first graph of figure 6.12 shows the step 
change (occurring at simulation time 6.5 sec) in wind speed. The second graph of shows 
speed tracking to achieve maximum power extraction, were the reference speed is 
generated using the MPPT algorithm discussed in section 4.2.3 of chapter 4. The initial 
transient occurrence is attributed to wind-diesel mode of operation at start of the 
simulation. Still it can be observed that the performance of the speed controller is good in 





Fig.6. 12. Speed tracking performance for MPPT control scheme 
 
 
Figure 6.13 depicts the change in operating modes of HWDS: 1) WD mode of 
operation is shown in simulation time 0 to 7 seconds and 2) WO mode of operation is 
shown in simulation time 7 to 15 seconds.  The transition between modes of operation 
occurs at 7th
 
second, at this time the diesel generator is shut off and disconnected through 
a circuit breaker. The transient effect is reflected in the power output of wind turbine.  
Figure 6.13 also shows the power sharing between the sources and sink in accordance to 








Fig.6. 13. Power sharing in different mode of operation in HWDS 
 
The first graph of figure 6.13 shows the wind turbine power output; maximum power 
extraction from available wind speed can be observed throughout the simulation. Change 
in wind speed occurs at 6.5 sec, and increased power generation can observed. Power 
fluctuations observed during simulation time 0 to 7 seconds is attributed to the wind-
diesel mode of operation of HWDS, were both the wind turbine and diesel generation 
system share the power generation required.  
Second graph in figure 6.13 shows the diesel generator (DG) power output. The diesel 
generator is controlled by the governor [66] control system with speed droop adjustment.  
It can be observed that the diesel generator supplements the wind turbine power output to 
meet the load demand of 20kW i.e. the DG unit shares the required power generation with 






The third graph in figure 6.13 shows the load power consumption. The power 
generated is supplied to the load through smoothening filter reactors. The initial load is 
20kW, it can be observed that the load power supplied is shared between sources and 
excess of is generation is supplied to dump loads to maintain a constant 20kW. At 6.5 
seconds an additional 5kW load is added as shown in the graph. Due to the reactors the 
sharp change (by additional load) in load power is avoided. Throughout the simulation the 
load is supplied with steady power generation with low fluctuation. Figure 6.14 shows the 
speed tracking performance of the control system for a different wind speed pattern. 
 
 
Fig.6. 14. Speed Tracking Performance for Variable Wind Speed 
 
 
Figure 6.15 shows the regulated power system frequency corresponding to the mode 
of operation of the HWDS described in figure 6.13. It can be observed that the frequency 






Fig.6. 15. Regulated power system frequency 
Figure 6.16 shows the speed tracking performance of the control system under a 
random step change in the wind speed. It can be observed that the generator rotor speed is 
controlled to track the random step change in the MPPT reference speed. The transient 
observed in the beginning of the simulation is mainly attributed to the chosen initial 
values of power and speed in the MPPT algorithm discussed in section 4.2.2 of chapter 4.   
 
 





6.3.2. Hybrid Wind Diesel System Based Micro-Grid with DFIG based 
WECS 
 
Validating the performance of the control system discussed (in section 5.3.2 of chapter 5) 
for the HWDS is shown by the simulation study results.  Figure 6.17 shows the hybrid 
wind diesel system behaviour during the grid connected mode and isolated mode of 
operation. In figure 6.17, grid connected mode of operation is shown during simulation 
time 0 to 3 seconds and 10 to 20 seconds. Similarly isolated wind diesel operation is 
shown during simulation time 3 to 10 sec. 
The graphs in figure 6.17 represent the following: 1) first graph shows the step change 
(occurring at eighth second) in wind speed, 2) second graph shows the speed tracking, 
were the reference speed is generated using the MPPT algorithm discussed in section 
4.2.3 of chapter 4.  At time zero it can be observed that the speed is 150rad/sec, this is the 
initial speed error due the impact of grid connection [74]. And the speed controller 
overcomes this impact and tracks the reference speed, 3) third graph shows the wind 
turbine power output, it can be observed that the power generation reflects the effect of 
changing rotor speed. In accordance with available wind speed, maximum power 
extraction can be observed throughout the simulation time. The transient observed at 
tenth second is attributed to the grid connection, 4) fourth graph shows the load power 
consumption, initial load is 9MW and an additional load of 5MW is added at fifteenth 
second, steady load power consumption is observed throughout simulation. The transient 
observed at tenth second is attributed to changing mode of operation from isolated wind 




diesel generator connected to the micro-grid through a circuit breaker and it is operated 
during time 3 to 10 seconds, were the grid supply is disconnected throughout its 
operation. Between time 0 to 3 seconds and 10 to 20 seconds the diesel generator supply 




Fig.6. 17. Speed tracking and power sharing in different modes of operation in HWDS 
 
 
Figure 6.18 shows the DC-link voltage regulator performance corresponding with 
mode of operation shown in figure 6.17. The voltage regulator regulates the DC-link 
voltage between the rotor side and grid side converters.  It can be observed that the DC-
link voltage is regulated at approximately around 1150 volts throughout the simulation 
except at time 10 to 11 seconds. At 10th second a transient voltage peak is observed, it 




behavior is attributed to the change in the mode of operation from isolated wind-diesel 
mode to wind-only mode. 
 
 





Hybrid wind diesel system (HWDS) is an economic reality to reduce the dependency on 
diesel for powering off-grid communities around the world.  However, a complex control 
system design is required to ensure proper power sharing between the two sources and 
maintain optimum power quality to meet the power demand. Since the HWDS can be 
operated as stand-alone and grid connected power system, the control system design for 
this application is more challenging. Development of control systems for HWDS through 
simulation study is focused in this thesis. The main contributions of this research work 




 Simulation models of hybrid wind diesel system (HWDS) based stand-alone system 
and micro-grid system is developed with different types of generator for fully-rated 
converter based wind energy conversion system 
 
 A multi-variable control system is developed and implemented into the simulation 
models of HWDS. This control system achieves the following: a) ensures power 
sharing and maintains power balance consistency between sources and sinks (i.e. 
loads), b) regulates the power quality at optimum level, and c) extracts the maximum 
power from available wind 
 An improved maximum power point tracking control scheme for wind turbine system 
is implemented into the simulation models 
 Performance of the developed control system is validated by simulating the transitions 
between different modes of operation of HWDS. The results obtained in this validation 
is presented and discussed 
 
6.5. Suggestions for Future Work 
 
The overall performance of the control strategy developed in this work can be improved 
by including advanced control techniques like fuzzy logic, sliding mode control etc.  A 
control strategy for smooth transition between different HWDS operating modes 
discussed in [12] can be included for improved system performance. Addition of sources 




of the system.  Further a more realistic wind pattern can be used in the future work 

































                                                                         
Appendix A. Specifications of the System Used in 
Simulation Study  
A.1. Stand-Alone HWDS with PMSG Based WECS 
Wind turbine parameters: c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21 and c6 = 0.0068, ρ 
= 1.225 kg/m
3
, Rotor swept area=107.5m
2
   
 
Permanent Magnet Synchronous Generator (used in WECS): Nominal power = 30kW, 
Rs= 0.05, Ld = 0.000635, Lq =0.000635, frequency=60Hz 
 
Synchronous Generator (used in diesel generation system): Nominal power =52.5kW, 
frequency=60Hz, Rs = 0.003 Pu, H= 0.1349 pu, F = 0.02098, pole pairs = 2 
 
A.2. Hybrid Wind Diesel System Based Micro-Grid  
Wind turbine parameters: c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21 and c6 = 0.0068, ρ 
= 1.225 kg/m
3,
 Rotor diameter = 82.5m   
 
Double-fed induction generator (used in WECS): Nominal Power = 1.5MW, 
frequency=60Hz, Rs= 0.023 pu, Ls =0.18 pu, R
’
r = 0.016 pu, L
’
r= 0.16 pu, Lm=2.9 pu 
Synchronous Generator (used in diesel generation system): Nominal power =3.125MW, 
frequency=60Hz, Rs = 0.0036 pu, H= 1.07 pu, pole pairs = 2 
 
A.3. Squirrel-Cage Induction Generator Based Stand-Alone WECS  





Squirrel-Cage Induction machine (used in WECS): Nominal power = 30kW,     RS =0.087 
Ohms, Ls= 0.8e-3 H, R
’
r= 0.228 Ohms, L
’






A.4. Electrical Grid System  
Three-phase voltage source (positive sequence parameters): RMS voltage (phase-phase) = 
120KV, Phase = 0 degree, frequency = 60HZ 
Three-phase impedance: Positive sequence parameters – R1=0.5760 Ohms, L1= 0.0153 
H, zero sequence parameters – R 0=1.728 Ohms, L0= 0.0458 H  
Three-phase transformer (120KV/25KV): Nominal power=47e6 VA, frequency=60, 
winding 1 parameters – V1 rms (phase-phase) = 120e3V, R1=0.00266 pu, L1=0.08 pu, 
Winding 2 parameters – V2 rms (phase-phase) = 25e3, R2=0.00266pu, L2=0.08pu 
Three-phase transmission line (pi section model): Frequency =60 HZ, Positive sequence 
parameters – resistance r1=0.1153 ohms/km, inductance L1=1.05e-3 H/km, capacitance 
C1=11.33e-009 F/km, Zero sequence parameters – resistance r1=0.413 ohms/km, 
inductance L1=3.32e-3 H/km, capacitance C1=5.01e-009 F/km, Line length = 30km 
Three-phase transformer (25KV/575V): Nominal power=10.5e6 VA, frequency=60, 
winding 1 parameters – V1 rms (phase-phase) = 25e3V, R1=8.3333e-04 pu, L1=0.025 pu, 
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